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Abstract. LaSi2 and LaSi2/Si composite as active materials for the negative electrode of 
lithium-ion battery were synthesized by mechanical alloying. Furthermore, thick-film 
electrodes prepared with a gas-deposition method by using these material powders, and their 
electrode performances were investigated.  The LaSi2 GD-film electrode exhibited superb cycle 
stability, where more than 70 % of the initial capacity was maintained for a period of 1000 
cycles, though the initial capacity was only about 40 mA h g-1. As for the LaSi2/Si composite 
electrodes, the original high discharge capacity of Si was retained even after several hundred 
cycles. The capacity after 300 cycles was 500 mA h g-1, which is larger than the theoretical 
capacity of graphite electrode practically used. Thus, we succeeded in developing the new 
composite electrode with both high discharge capacity of Si and good cyclability of LaSi2. 
1.  Introduction 
It is considered that the lithium rechargeable batteries remain the most useful types of rechargeable 
batteries. However, since ever higher capacities are intensively pursued, metal-based materials are 
actively being researched as high-capacity substitutes for carbon-based materials[1-20]. 
Si is well known to have the highest capacity as an anode for the Li-ion battery, whereas it shows 
poor cycle stability owing to significant volume changes during lithium insertion-extraction, resulting 
pulverization of the particle[1,2]. To solve the problem, we focused on rare earth silicides, such as 
LaSi2, because they would exhibit good cycle life performance due to their large thermodynamic 
stabilities which must suppress the pulverization. 
On the other hand, we have discovered that the cyclability of the electrode is remarkably improved 
if the electrode is prepared by using a gas-deposition (GD) method whereby the raw material powder 
placed in a guide tube is turned into aerosol by feeding it into an evacuated chamber together with 
argon gas, and a thick-film is created by projecting it through a nozzle on the substrate at high 
speed[9-11]. This method is expected to confer various advantages, including the production of 
electrodes exhibiting a strong adhesion between the particles of the active material as well as between 
the particles and the electron collector and so on. Therefore, we prepared thick film electrodes of rare 
earth silicides by using the GD method, and estimated their charge-discharge characteristics. 
In order to prepare electrodes which combine the advantages of both LaSi2 and Si, we considered 
whether it would be possible to synthesize a composite material consisting of Si particles with LaSi2. 
In this research, the LaSi2 and Si composite powder was synthesized by using a mechanical alloying 
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(MA) method. Then, we used the resulting material as the source material for the synthesis of a thick-
film electrode with the GD method. The electrochemical characteristics of the electrodes obtained 
were investigated. 
2.  Experimental details 
A procedure of synthesis of rare earth silicide, LaSi2, as an active material is as follows. A mixture of 
elemental La chip and Si powder was put in a stainless steel vessel together with balls. The Si/La 
atomic ratio was 2.0, and the weight ratio of the balls to the sample was about 15:1. The vessel used 
was sealed with an O-ring to keep an atmosphere of dry argon gas. Milling (MA) was done using a 
high-energy planetary ball mill at 300 r.p.m and at room temperature. As for the synthesis of LaSi2/Si 
composite powder, we used an excess amount of Si in comparison with the stoichiometric ratio of 
LaSi2 and used MA processing for both La and Si. 
Figure 1 illustrates a schematic diagram of apparatus for gas-deposition and the conditions of 
deposition. The resulting powdered active materials, which are placed inside the tube, are turned into 
aerosol as they are carried into the evacuated chamber together with the carrier gas. After this, they are 
ejected at high speed through a nozzle and projected onto the substrate, i.e. 20 μm thick Cu foil, to 
form the thick-film electrode. A photograph of LaSi2 thick-film electrode obtained is shown in Figure 
2. The thickness of the film was not uniform but was 2∼4 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The electrochemical performance of each GD-film electrode was estimated with a galvanostat by 
using a three-electrode cell in 1 M LiClO4/PC(Propylene carbonate). Li metal sheets were used for 
both the counter and the reference electrode. The measurements were carried out at 0.1 mA for both 
charge and discharge at 303 K. The cycling tests were 
conducted for voltages in the range of 0.005 to 2.0 V. 
3.  Results and Discussion 
Figure 3 represents the changes in the discharge (Li-
extraction) capacity of LaSi2 thick-film electrode with 
respect to the number of cycles. The initial capacity of 
LaSi2 was only about 40 mA h g-1, and it was found 
that the large capacity of elemental Si is not 
manifested in this silicide, as expected. However, the 
LaSi2 electrode exhibited superb cycle stability, where 
more than 70% of the initial capacity was maintained 
for a period of 1000 cycles. 
Although Si has great potential capacity, it is 
unfavorable for the charge-discharge cycle stability. 
In order to prepare electrodes which combine the 
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Figure 1  A schematic diagram of apparatus 
for gas-deposition. 
Figure 2  A photograph of LaSi2 thick-film 
electrode prepared by gas-deposition. 
Figure 3  Changes in the discharge capacity 
of LaSi2 thick-film electrode with the number 
of cycles. 
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advantages of both LaSi2 and Si, we considered whether it would be possible to synthesize a 
composite material consisting of Si particles with LaSi2[11]. 
As for the processing of the powdered materials which were used as sources for preparing the 
composite LaSi2/Si electrodes, LaSi2 was prepared first with the MA method, after which Si powder 
was added and the mixture was stirred together lightly in a mortar. However, we were unable to obtain 
good performance for the electrode produced in this way. Therefore, after this, rather than following 
the stoichiometric ratios of LaSi2, we used an excess amount of Si and used MA processing for both 
La and Si. As a result, compositing was realized at the level of individual particles. 
Figure 4 shows the XRD pattern of the 
composite material prepared with the latter method. 
Since the patterns for both LaSi2 and Si were 
confirmed, it was clear that the target composite 
material was successfully synthesized. 
The changes in the discharge capacity following 
the increase in the number of cycles of the LaSi2/Si 
composite GD-film electrodes are shown in Figure 
5. As for the pristine Si thick-film electrode, the 
capacity suddenly decayed during 50 charge-
discharge cycles. On the other hand, for the 
LaSi2/Si composite electrodes, the originally high 
discharge capacity of Si was retained even after 
several hundred cycles. The capacity after 300 
cycles was 500 mA h g-1, which is larger than the 
theoretical capacity of graphite electrode 
practically used. 
Figure 6 displays the charge-discharge (Lithium 
insertion-extraction) curves of the first cycle for the LaSi2/Si composite GD-film electrodes to discuss 
the charge-discharge reaction. In all the electrodes, the plateau was observed at 0.4 V on the discharge 
curves, which corresponds to be due to the following reaction[1,2].Thus, it was clear from the 
matching of the charge-discharge potential that it is mainly Si that acts as the active material for these 
composite electrodes. 
Si ＋ 4.4 Li＋ ＋ 4.4 e- ⇄  Li4.4Si 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Figure 7, among the composite electrodes, the one in which the ratio of LaSi2:Si was 
7:3 exhibited a large capacity of more than 900 mA h g-1 at the first cycle, and ca. 400 mA h g-1 even 
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Figure 4  XRD patterns of LaSi2/Si composite 
materials with different weight ratios of LaSi2 
and Si. 
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Figure 5  Changes in the discharge capacity of 
pristine Si and LaSi2/Si composite GD-film 
electrodes until 300th cycle. 
Figure 6  Charge-discharge curves of the first 
cycle for pristine Si and LaSi2/Si composite 
GD-film electrodes.
IUMRS-ICA 2008 Symposium “AA. Rare-Earth Related Material Processing and Functions” IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1 (2009) 012030 doi:10.1088/1757-8981/1/1/012030
3
 
 
 
 
 
 
at the 1000th cycle. Thus, we succeeded in developing the new electrode with both high discharge 
capacity of Si and good cyclability of the rare earth silicide. Their characteristics make them suitable 
for application as electrodes in embedded batteries for next-generation electric cars. 
Figure 8 gives the result of changing the vertical axis in the Figure 7 from discharge capacity to 
Coulomb efficiency. The declination of the curves represents the peeling or detachment of the active 
material from the current collector (Cu foil), and it was found that the declination was remarkably 
suppressed as the amount of LaSi2 became larger. Based on the fact that the composite electrode 
prepared in this way exhibited superior cyclability, we inferred that the LaSi2 phase surrounds the Si 
phase in individual composite particles and acts as a matrix which reduces the stress generated by the 
volumetric changes occurring in Si during the charge-discharge process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 displays surface SEM images of the pristine Si and LaSi2/Si composite GD-film electrodes. 
In the composite electrode with 50 wt% Si content (Figure 9(b)), the existence of the Si particles was 
obviously confirmed, so that the electrode exhibited poor cyclability. As for the composite electrode 
with 30 wt% Si content (Figure 9(c)), it was found that Si particles were homogeneously distributed in 
the composite electrode. At this optimum composition of LaSi2 and Si in the composite, each Si 
0
500
1000
1500
2000
0 200 400 600 800 1000
D
is
ch
ar
ge
 c
ap
ac
ity
 / 
m
A
 h
 g
-1
Cycle number
LaSi2:Si = 5:5
LaSi2:Si = 7:3
Si
LaSi2D
is
ch
ar
ge
 c
ap
ac
ity
 / 
m
A
 h
 g
-1
0
20
40
60
80
100
0 50 100 150 200 250 300
C
ou
lo
m
b 
ef
fic
ie
nc
y 
/ %
Cycle number
Si
LaSi2:Si = 7:3
LaSi2:Si = 5:5
C
ou
lo
m
b 
ef
fic
ie
nc
y 
/ %
Figure 7  Changes in the discharge capacity of 
pristine Si and LaSi2/Si composite GD-film 
electrodes until 1000th cycle. 
Figure 8  Changes in the Coulomb efficiency 
of pristine Si and LaSi2/Si composite GD-film 
electrodes with the number of cycles.
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Figure 9  Surface SEM images of pristine Si 
and LaSi2/Si composite GD-film electrodes. 
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particle was surrounded with LaSi2 layer, and the stress generated in the Si particle at Li insertion-
extraction was considered to be released by the LaSi2 layer because LaSi2 is more ductile than Si. 
4.  Conlusions 
We obtained the following information with respect to the anode characteristics of rechargeable 
lithium batteries comprising thick-film electrodes prepared with the GD method by using LaSi2 or 
LaSi2/Si composite powder as the source material. The LaSi2 electrode exhibited superior cycle 
stability, where the initial discharge capacity was maintained over 1000 cycles, though its capacity 
was not enough. We succeeded in developing the new composite electrode with both high discharge 
capacity of Si and good cyclability of a rare earth silicide LaSi2. We infer that the reason for the 
improvement in the cyclability results from the fact that LaSi2 reduces the stress generated by the 
immense volumetric changes occurring in the Si particles. 
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